The taxonomic relationship between several Shewanella putrefaciens isolates from the Baltic Sea and reference strains of this species is presented in this study. Results from DNA-DNA hybridization using a newly developed nonradioactive detection system and from 16s rRNA gene sequencing demonstrated that 5. putrefaciens is a heterogeneous species containing more than a single genomic group. The genomic group II was phylogenetically, genotypically and phenotypically distant enough from the species type strain to be classified as a single species within the genus Shewanella. Therefore, we propose to reclassify Owen's genomic group II as Shewanella baltica sp. nov. with the type strain NCTC 10735.
INTRODUCTION
The genus Shewanella comprises several Gram-negative species which are widely distributed in marine and freshwater environments. The genus seems to play an important role in the turnover of organic matter coupled to anaerobic respiration electron acceptors, such as Fe3+, Mn4+ and NO, (2, 4, 8, 26, 29, 33) . Shewanella putrefaciens has been frequently isolated from marine water samples and spoiling fish (17, 34, 37) . Shewanella alga (formerly classified as S. putrefaciens) was isolated from human faeces, skin ulcers and other clinical samples (6, 14, 19, 27, 28) . The genus Shewanella is affiliated with the y-subclass of the Proteobacteria within the family Vibrionaceae (23, 30, 41) . Strains are motile rods and facultatively anaerobic but with a strictly respiratory metabolism. The type species, S. putrefaciens (23) , was originally classified as Achromobacter putrefaciens (7) and has been the subject of continuous nomenclature changes as well as reclassifications (21, 23, 27, 35, 41) . Based on DNA-DNA hybridization experiments, Owen et al. (28) showed that the species comprised at least four clearly separated genomic groups (1-IV). One of the S. putrefaciens genomic groups (IV) has been reclassified as a new species, i.e. S. alga (27, 36) . This species includes the most halotolerant members of the genus such as the Fe3+-reducing organisms (30) , as well as most of the clinical isolates of the genus (12, 27) . However, in spite of the intraspecific diversity of S. putrefaciens, the three remaining genomic groups are still classified into the same species (12, 30) .
During a genotypic screening study of heterotrophic bacteria from the Baltic Sea, a large set of isolates was obtained from different sampling sites and years (2) . Using low-molecular-weight RNA profiling and amplified rDNA restriction analysis [ARDRA (40) ], 113 isolates could be identified as S. putrefaciens Owen's group I1 (13, 43, 44) . The genetic structure of this S. putrefaciens population was further studied using randomly amplified polymorphic DNA (RAPD) analysis ; 13 sub-groups (RAPD genotypes) were found (43) . Several strains representing the most prominent RAPD genotypes were chosen for the present taxonomic study.
For this purpose, 16s rRNA gene sequences, DNA-DNA similarity and phenotypic traits of selected strains were determined. For DNA-DNA hybridization experiments, we developed a new micro-scale method combining the well-established hydroxyapatite (HA) method (1, 22) with non-radioactive detection of the released DNA. The major advantages of the method are the small amount of DNA required and utilization of a digoxigenin (DIG) labelling/ antibody detection system rather than radioactive labelling.
In summary, our results showed that genomic group I1 of S. putrefaciens is phylogenetically, genotypically and phenotypically distant enough from the rest of the S. putrefaciens members to be classified as a new species, for which we propose the name Shewanella baltica sp. nov.
METHODS
Bacterial strains and cultivation. Reference strains used in this study were obtained from the Culture Collection of the Laboratorium voor Microbiologie Universiteit Gent (LMG), the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) and the National Collection of Type Culture (NCTC). One-hundred-and-thirteen strains of S. putrefaciens were isolated from Baltic Sea water samples as described previously (13, 43) . All strains were aerobically cultured in half-strength marine broth 2216 (MB-0.5 ; Difco) overnight at 30 "C with agitation.
Physiological and biochemical tests. Temperature requirements were determined for ten reference strains (listed in Table 2 ) by growing the strains on MB-0.5 agar medium at different temperatures. Inoculated agar plates were incubated for 14d at 4°C and 7 d at 37°C. Growth was considered positive if the strains were able to form visible colonies on the solid medium. FeS production on triple sugar iron (TSI) agar medium (Difco) was determined after incubation at 25 "C for 2 d. For the enzyme tests, API 20NE (bioM6rieux) and the BIOLOG system, strains were grown on MB-0.5 agar medium at 25 "C for 2 d. Bacterial biomass was scraped from the agar plates and resuspended in 0.85 YO NaC1. The suspension was adjusted to OD,,, 0.8 for the enzyme tests, 0-35 for the BIOLOG system and 0.2 for API 20NE. Tests for the production of constitutive enzymes were performed for the ten reference strains at 37 "C for 4 h with API ZYM stripes (bioMerieux) as recommended by the manufacturer. The metabolic profiles of 34 strains of genomic group 11, and two reference strains from each of groups I and I11 and S. alga were determined with BIOLOG-GN plates, which were incubated at 25 "C for 7 d based on the recommendations of Riiger & Krambeck (32) . Microtitre plates were checked for positive reactions both visually and by measuring the oxidation of substrates via the production of purple formazan from a tetrazolium redox dye with an Emax precision microplate reader (Molecular Devices) at 595 nm. Tests for utilization of different substrates and for additional enzymes were performed for ten reference strains with API 20NE stripes following the protocol of the manufacturer.
DNA isolation and G + C content determination. DNA was isolated following the method of Marmur (25) . The G + C content was determined by hydrolysing the DNA enzymically and quantifying the nucleosides by HPLC as previously reported (5) .
DNA labelling. Reference DNA was double-labelled using DIG-1 1 -dUTP and biotin-16-dUTP (Boehringer Mannheim). Labelling was performed using the Boehringer Mannheim nick-translation kit. The optimal ratio of the nucleotide mixture was 0.75 vol. DIG-1 l-dUTP:0-25 vol. biotin-16-dUTP. DNA (1 pg) was labelled during 90 min incubation according to the protocol of the manufacturer. Labelled DNA was precipitated with ethanol and resuspended in 200 p1 distilled water. One microlitre of this suspension was used to measure the efficiency of the reaction following the protocol mentioned below.
DNA-DNA hybridization. Experiments were performed using a modification of the Lind & Ursing method (22) . Between 15 and 50 ng labelled DNA was mixed with 15 pg unlabelled DNA in 0.1 ml 0.28 M phosphate buffer (PB), pH 6.8. This mixture was denatured by heating at 100 "C for 10 min and subsequent cooling in an ice/water bath. After denaturation, the mixture was incubated for 16 h at 64 "C (30 "C below the melting temperature of the homologous DNA, which was considered to be the optimal temperature). The solution was covered with 50 p1 light mineral oil (Sigma) to avoid evaporation during incubation. Single-and double-stranded DNA was eluted on HA following the batch procedure of Brenner et al. (1) . Elutions were performed in duplicate. The mixture was diluted with distilled water to a final volume of 0.2 ml; 50 pl of the diluted mixture was added to 0.2 ml rehydrated HA (DNA grade Bio-Gel HTP ; Bio-Rad), which corresponded to about 20 mg dry weight, and equilibrated with 0.14 M PB. The preparation was mixed thoroughly and incubated for 15 min at 59 "C (5 "C below the temperature used for reassociation) ; the single-and the double-stranded DNA was then eluted using four washes of 0.25 ml 0.14 M PB, 0.2% SDS and two washes of 0.2 ml 0.4 M PB, respectively. carried out at room temperature and with agitation. After antibody incubation, wells were washed with PBS. Detection was performed with 250 pl p-nitrophenyl phosphate [l mg ml-l in 7-5 mM Na,CO,, 15.5 mM NaHCO,, 1 mM MgC1, (pH 9.6)] at 37 "C without agitation; colour development was measured at 405 nm (39) . (28) . The tree is based on the results of a distance matrix analysis of complete or almost complete 165 rRNA sequences. Similar affiliation of 5. baltica was observed when the tree was calculated using the maximum-likelihood approach. The mistaken sequence of BrY found in the database (12) has been currently corrected.
was used for the amplification of the 16s rRNA genes via PCR with the forward primer 16F27 (5'-AGAGTTTGA-TCMTGGCTCAG-3') and the reverse primer 16R1525 (5'-AAGGAGGTGWTCCAGCC-3'). PCR reactions were carried out under conditions described previously (10, 15, 18) . Amplification products were purified with Microcon-100 concentrators (Amicon). Purified 16s rDNA was sequenced directly using an Applied Biosystems 373A DNA Sequencer and the manufacturer's protocols for Taq cycle-sequencing with fluorescent dye-labelled dideoxynucleotides (PerkinElmer). The primers used for sequencing have been previously described (10, 15, 20) . Partial sequences were generated using the primer 1 6R5 18 (5'-CGTATTACCGCAnalysis of sequence data. New sequences were added to an alignment of about 5300 homologous bacterial 16s rRNA primary structures using the aligning tool of the ARB program package (38) . Similarity and distance matrices were calculated with the ARB-PHYL program of the same package. Phylogenetic trees were constructed using subsets of data that included representative sequences of Ferrimonas, Moritella and Shewanella species (24) . We used distance matrix and maximum-likelihood methods as implemented in the programs PHYLIP (1 l), ARB and fastDNAml (24 OS197*, AJ001285; OS208*, AJ001283; OS257*, AJ001279; OS268*, AJ001286; OS278*, AJ001280; OS284*, AJ001288; OS295*, AJ001282; and OS669*, AJOO1278.
GGCTGCTGG-3').

RESULTS
Phylogenetic affiliation
Nearly complete 16s rRNA gene sequences were obtained for the strains LMG 2369, NCTC 10735, OS155 and OS195. Comparative analysis of the gene sequences confirmed the affiliation of all strains with the same phylogenetic branch of S. putrefaciens type strain LMG 2268T (Fig. 1) . The reference strain of genomic group I11 (LMG 2369) was the closest relative to the type strain of the species, with 98.6% sequence similarity. All three strains of group I1 (NCTC 10735, OS155 and OS195) affiliated with more than 99% of sequence similarity ( non-radioactive detection system. The pooled SD of the different experiments was 1-4 YO, indicating good correspondence between duplicates. All Baltic isolates studied and the reference strain of group I1 formed a homogeneous cluster with an internal genomic similarity of 61-100Y0. This genomic group was distant from groups I and 111, showing a maximal similarity value of 28% between the three genomic groups. In summary, the results from DNA-DNA hybridization as well as from phylogenetic analysis indicate that S. putrefaciens consists of three distant genomic groups.
Phenotypic characteristics
Strains of the different genomic groups of S. putrefaciens and two strains of S. alga were evaluated for different phenotypic traits. All strains of genomic groups I and I1 were able to grow at 4 "C on solid MB-0-5 medium, whereas strains of S. alga and group I11 did not grow at this temperature (Table 2) . In contrast to all other strains tested, strains of genomic group I1 were not able to grow at 37 "C. All strains, except OS155, were able to produce FeS precipitates via reduction of thiosulfate on TSI agar medium.
The API ZYM test was used to determine enzymes that were constitutively expressed during growth. Only two out of the 19 enzymes tested were different between the genomic groups and S. alga (Table 2 ). All strains of genomic groups I and I11 and S . alga produced chymotrypsin, which is contrary to the situation in genomic group 11, although strains NCTC 10735 and NCTC 10736 exhibited a weak reaction. In contrast to all other strains tested, strains of genomic group I1 were able to produce N-acetyl-/3-glucosaminidase constitutively .
The BIOLOG system was used to assess the metabolic profile of S. putrefaciens group 11. Thirty-four strains of group 11, two strains each of groups I and I11 and S. alga were included in this study. Although the strains of group I1 varied in their utilization of some compounds, e.g. dextrin, glycogen and Tween 80 (Table 2) , several marker substrates, such as gentiobiose, cellobiose and D-gluconate, were identified that were suitable for differentiation of this genomic group from groups I and I11 and from S. alga.
Selected results from API 20NE are also listed in Table  2 . Results were in agreement with data from the BIOLOG system but gave no additional information for differentiating the genomic groups.
DISCUSSION
S. putrefaciens is a heterogeneous species comprising more than one genomic group. Although the species has been frequently taxonomically characterized and reclassified, the three genomic groups are still considered to belong to S. putrefaciens (27, 28, 30) . Recently, 113 isolates from the Baltic Sea have been identified as S. putrefaciens (13, 43) . All isolates belonged to DNA-DNA similarity group 11, as demonstrated by ARDRA (44) . Examination of the genetic structure of this S. putrefaciens population using RAPD analysis showed that it comprised several sub-groups (RAPD genotypes). The different RAPD genotypes corresponded to a certain extent to characteristic physiological traits as well as to different ecological niches (43) . For the taxonomic characterization presented in this study, representative Baltic isolates of S. putrefaciens were compared with reference strains.
We determined the 16s rRNA gene sequence of the reference strains for each of Owen's genomic groups and two representative strains of the most frequent RAPD genotypes. The gene sequence comparison demonstrated the affiliation of all sequenced strains within the same phylogenetic branch (Fig. 1 ). In accordance with the genomic subdivision of the species (28), the reference strains of Owen's groups represented single sub-branches within the S. putrefaciens phylogenetic complex. The two representative strains from the Baltic Sea affiliated with NCTC 10735 in accordance with the preliminary identification (44) . A comparison of the partial sequences of 22 selected strains indicated phylogenetic homogeneity within genomic group 11. This group of strains represented all RAPD genotypes isolated from different sampling years and sampling sites of the central Baltic Sea (43, 44) . Thus, the selected strains covered the widest range of diversity among the Baltic Sea isolates. The 28-490 fragment (E. coli positions) was chosen because maximal sequence differences were observed in this fragment when reference strains were compared.
DNA-DNA hybridization experiments were performed with the newly developed non-radioactive method. Results were in good agreement with previous data obtained by traditional methods (27, 28, 30, 31) . Genomic similarities among the reference strains of the three genomic groups and S. alga were comparable to those previously reported (Table 1 ; 27,28, 30). Our data confirmed the classification of three genomic groups within S. putrefaciens. A high degree of DNA-DNA similarity was observed between the Baltic isolates and the reference strain NCTC 10735.
Although internal similarity values were 6 1-94 YO, this group could be clearly distinguished from the other genomic groups. Results of phenotypic analyses were in good accordance with genotypic data. Based on these results, we developed a phenotypic profile for the identification of the species within the genus Shewanella which can be used to distinguish group I1 from its closest relatives (Table 3) . In contrast to the observations of Dominguez et al. (9) , who used the API system, we found that the different members of the genus Shewanella could be identified using the BIOLOG system with the modified protocol as recommended by Ruger & Krambeck (32) . Reference strains of the different genomic groups were added to the database provided by the manufacturer to enable clear differentiation of the groups. In summary, phylogenetic, genotypic and phenotypic data clearly demonstrated that all genomic groups within S. putrefaciens are distant enough to be classified as different species according to the definition of Wayne et al. (42) . We propose the name Shewanella baltica sp. nov. for genomic group I1 because the majority of known strains have been isolated from water samples of the Baltic Sea. Genomic group I11 should probably also be classified as a new species, but further taxonomic analysis should be carried out including more strains which are available in various culture collections (12, 27, 28) .
Description of Shewanella baltica sp. nov.
Shewanella baltica (Ziemke and Rossello-Mora) (bal.ti.ca. L. fem. adj. baltica of the Baltic Sea, where the majority of strains were isolated).
Gram-negative, short straight rod, motile by polar flagellation, facultative anaerobe but non-fermentative. Catalase-and oxidase-positive. Most of the colonies of fresh isolates show a black FeS precipitate on TSI agar medium. Under anaerobic conditions, oxidation of organic matter can be coupled to the reduction of NO,, Fe3+ and sulfur compounds. Members of the species can easily be differentiated phenotypically from the related species by their ability to grow at 4"C, but not at 37 "C, constitutive production of N-acetyl-P-glucosaminidase, lack of chymotrypsin production and the ability to use glycogen, gentiobiose, cellobiose, sucrose, D-gluconate and citrate as sole sources of carbon and energy (Table   3 ). The G + C content of the species is 45-7-46.8 mol % .
The type strain of the species is NCTC 10735 (= DSM 9439, CECT 323, IAM 1477, LMG 2250). It was isolated from oil brine (16) and has a G + C content of 46.1 mol %.
